XIAO YANG, KOUJI YASUDA, TOSHIYUKI NOHIRA, RIKA HAGIWARA, and TAKAYUKI HOMMA As a fundamental study to develop a new process for producing solar-grade silicon, the effect of granule size on the kinetics of the electrochemical reduction of SiO 2 granules in molten CaCl 2 was investigated. SiO 2 granules with different size ranges were electrolyzed in molten CaCl 2 at 1123 K (850°C). The reduction kinetics was evaluated on the basis of the growth rate of the reduced Si layer and the behavior of the current during electrolysis. The results indicated that finer SiO 2 granules are more favorable for a high reduction rate because the contact resistance between the bottom Si plate and the reduced Si particles is small and the diffusion of O 2À ions in CaCl 2 inside the porous Si shell is easy. Electrolysis using SiO 2 granules less than 0.1 mm in size maintained a current density of no less than 0.4 A cm À2 within 20 minutes, indicating that the electrochemical reduction of fine SiO 2 granules in molten CaCl 2 has the potential of becoming a high-yield production process for solar-grade silicon.
I. INTRODUCTION
THE global photovoltaic (PV) market has been growing rapidly in recent years. In 2013, the annual installation of PV systems in the world reached 37 GW, [1] which was a 60-fold increase as compared to 2003. Yet the power globally generated from solar energy was less than 0.5 pct of the total power generation in 2012. [2] According to a study by the German Advisory Council on Global Change (WBGU), solar energy is expected to become a major energy source, reaching 20 pct of the total world energy by 2050 and 70 pct by 2100. [3] Presently, the dominant material for solar cells is silicon, particularly crystalline silicon. Crystalline silicon solar cells represented 90.1 pct of the global production of all types of solar cells in 2013. [4] Because they offers advantages in terms of high conversion efficiency, high durability, non-toxicity, and abundant resources, silicon solar cells are the only candidate to meet the market demand in the future when PV installation could climb to several hundred GW per year.
The increasing demand for PV systems boosts the production of high-purity polycrystalline Si dramatically. The global production of polycrystalline Si in 2013 saw a 10-fold increase since 2003 to 233,800 t, [5] more than 90 pct of which was supplied to the PV industry. Such growth is expected to continue over the long term. For PV applications, the purity of Si must be at least 6 N (99.9999 pct), and this product is called solar-grade Si (SOG-Si). The dominant technology for SOG-Si production is the Siemens process, [6] [7] [8] which represents approximately 90 pct of the global production. In spite of the ability to produce Si at purity levels above 9 N, the Siemens process, which utilizes chemical vapor deposition using trichlorosilane (SiHCl 3 ), requires high energy consumption and results in low productivity. Production of SOG-Si based on pyrolysis of monosilane (SiH 4 ) in a fluidized bed reactor (FBR) is the main competitor to the Siemens process and represents about 10 pct of the market. [8] [9] [10] FBR consumes less energy and it is more economical than the Siemens process, yet limitations in terms of purity control and productivity inhibit its commercial application. Upgrading metallurgical-grade silicon (UMG) is an emerging process for SOG-Si production. The aim of this process is to cost-effectively refine metallurgical-grade Si by slag treatment, acid leaching, and directional solidification. [11] [12] [13] However, UMG has a relatively small market share at present because of problems with purity control. [8, 14] Various attempts have been made to optimize the present technologies to improve energy efficiency and productivity and to reduce cost. [15] [16] [17] [18] [19] [20] Meanwhile, new SOG-Si production processes [21, 22] such as the carbothermic reduction of silica using high-purity raw materials, [23] refining of metallurgical-grade Si by different approaches, [24] [25] [26] [27] [28] [29] [30] [31] [32] metallothermic reduction of silicon compounds, [33] [34] [35] [36] [37] [38] [39] [40] and electrochemical processes, [41] [42] [43] [44] [45] [46] [47] [48] are being developed to challenge the existing technologies.
Electrochemical reduction of solid oxides in molten salt has been widely studied since it was firstly reported by Fray and his colleagues. [49] [50] [51] [52] [53] [54] [55] [56] [57] We originally demonstrated that solid silica (SiO 2 ) can be electrochemically reduced to solid Si in molten salts via the solid-to-solid reaction: [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] 
Similar works have been reported by other researchers. [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] Chen and his colleagues [72] [73] [74] [75] studied the reduction behavior of SiO 2 plates or pellets in molten CaCl 2 based on electrochemical measurements. We came up with a novel idea for SOG-Si production by combining direct electrochemical reduction with the use of high-purity silica, acid leaching, and directional solidification. [64] Impurities in the Si produced by this method were experimentally demonstrated to be at a low level. [68] A semi-continuous electrochemical reduction process was thus proposed, [69] in which SiO 2 granules as the raw material supplied from the top side of the electrolysis cell are reduced at the cathode placed at the bottom and recovered as slurry containing molten CaCl 2 . The kinetic characteristics of the reducing process of SiO 2 granules were clarified by measuring the weight change of the samples during electrolysis. [70] The apparent current density was 0.7 A cm À2 at the initial stage of electrolysis, which indicates the promise of this process in terms of productivity.
An integrated understanding of the mechanism and kinetics of the direct electrochemical reduction of solid SiO 2 in a molten salt is crucial for upscaling of the laboratory experiment to commercial production. In our previous study, we systematically investigated the reduction behavior of SiO 2 granules on a bottom cathode in molten CaCl 2 at 1123 K (850°C) by visually observing changes to the reaction interfaces after different electrolysis durations. [71] The overall reduction was found to proceed via two different routes: (1) from the SiO 2 granules near the conductor to the distant granules along the granule surfaces and (2) from the surface to the core in each partly reduced granule. Formation of a core (SiO 2 )-shell (Si) structure for partly reduced SiO 2 granules indicated that the reduction along the granule surfaces was faster than that from the surface to the core. On the basis of such findings, finer SiO 2 granules are expected to be more favorable for a high reduction rate owing to the larger surface area. However, this expectation needs to be experimentally confirmed.
High productivity is crucial for every practical production process for SOG-Si, including molten salt electrolysis. In this process, the size of SiO 2 granules is considered to be one of the key parameters that strongly affects the reduction kinetics and thus determines the productivity. Therefore, the purpose of the present study was to clarify the effect of granule size on the kinetics of the electrochemical reduction of SiO 2 granules in molten CaCl 2 . SiO 2 granules with different size ranges were electrolyzed in molten CaCl 2 at 1123 K (850°C). The reduction kinetics was quantitatively evaluated in terms of both the growth rate of the reduced layer and the behavior of the current during electrolysis. A reaction model that illustrates the reduction process and the dependence of reduction kinetics on granule size is proposed.
II. EXPERIMENTAL

A. Materials and Apparatus
Approximately 400 g of CaCl 2 (Kojundo Chemical Lab. Co., Ltd., 99 pct) was used as the electrolyte bath. Prior to use, the CaCl 2 was dried under vacuum at 453 K (180°C) for 72 hours and 773 K (500°C) for 24 hours to remove the residual moisture. Approximately 0.13 g of SiO 2 granules (Kojundo Chemical Lab. Co., Ltd., 99 pct) in four size ranges (less than 0.1, 0.10 to 0.25, 0.5 to 1.0, and 1.0 to 2.0 mm), shown in Figure 1 , were used in this study. These granules were obtained from large granules (2.0 to 5.0 mm) after grinding and screening. current lead was connected to the Si plate by threading it into a drilled hole (diameter 1.1 mm). With this setup, electrical contact to the SiO 2 occurred only through the Si plate at the bottom of the Al 2 O 3 tube.
The counter electrode (CE) was a glassy carbon rod (Tokai Carbon Co., Ltd., diameter 5.2 mm). The reference electrode (RE) was an Ag + /Ag electrode prepared by immersing a silver wire (Nilaco Corp., diameter 1.0 mm, 99 pct) into CaCl 2 containing 0.5 mol pct AgCl (Wako Pure Chemical Co., Ltd., 99.5 pct) in a mullite tube (Nikkato Corp., o.d. 6 9 i.d. 4 9 height 450 mm). [63] A molybdenum wire (Nilaco Corp., diameter 1.0 mm, 99 pct) was used to conduct the cyclic voltammetry to calibrate the Ca 2+ /Ca potential and check the potential of the Ag + /Ag reference electrode.
B. Procedure
After conducting the cyclic voltammetry using the Mo wire to calibrate the Ca 2+ /Ca potential, the potential of the working electrode was set at 0.5 V vs Ca 2+ /Ca for the potentiostatic electrolysis for 10 to 100 minutes. The working electrode was immediately taken out from the melt after electrolysis and a new one was immersed for another run. The post-electrolysis working electrode was cut vertically into two halves to observe the cross section. In some cases, the post-electrolysis working electrode was washed in 10 M HCl (aq.) for 3 hours to disassemble the Si plate at the bottom. The upper surface of the Si plate in contact with the SiO 2 granules was observed. Figure 3 compares the appearance of the upper surface of the bottom Si plate after electrolysis for 10 minutes using SiO 2 granules of different size ranges, as well as that of a blank test with no SiO 2 granules. In the case of the blank test (Figure 3 (e)), the surface was essentially smooth and integrated. When using SiO 2 granules less than 0.1 mm in size (Figure 3(a) ), some parts of the surface were broken, and a large amount of reduced Si, which appears brown in the figure, was attached to the surface. This result indicates that the reduced Si and the bottom Si plate were in close contact with each other during electrolysis. The broken surface was caused by disassembling the Si plate from the post-electrolysis electrode. Since the crystallization rate for amorphous Si increases with increasing temperature and reaches 1 lm s À1 at 1123 K (850°C), [85] the reduced Si, which was amorphous immediately after its formation, might have rapidly crystallized and sintered to have the same orientation as the bottom Si plate. In the case of SiO 2 granules 1.0 to 2.0 mm in size (Figure 3(d) ), only a small amount of reduced Si was found on the surface. In Figures 3(a) through (d), it can be noticed that the quantity of attached Si and broken areas are decreasing and the surface becomes more integrated with increasing SiO 2 granule size. This trend indicates that the contact of SiO 2 granules with the bottom Si plate was improved by decreasing the granule size. Figure 4 shows the cross sections of the working electrodes using SiO 2 granules with different size ranges after electrolysis for (I) 20 minutes and (II) 60 minutes at 0.5 V vs Ca 2+ /Ca in molten CaCl 2 at 1123 K (850°C). For each sample, a dark brown layer is observed above the Si plate at the bottom. Formation of crystalline Si in this layer was confirmed by X-ray diffraction (XRD) and scanning electron microscopy/ energy dispersive X-ray spectroscopy (SEM/EDX). A downward shift of unreduced SiO 2 granules was not observed in Figure 4 , indicating that the granules piled on the Si plate as a whole did not apparently shrink downward after reduction. The thickness of the dark layer at three positions in each cross section was measured using a ruler. The average thicknesses of the reduced layers are plotted against electrolysis time in Figure 5 . The increased thickness from 20 to 100 minutes indicates the propagation of the reduction from the bottom of the SiO 2 layer to the top. Faster growth of the reduced layer was observed for the smaller granules, indicating a larger reduction rate. Figure 6 shows typical current transient curves during electrolysis for 20 minutes using SiO 2 granules in the various size ranges. The current was larger at the beginning, and it gradually decreased as the electrolysis progressed. A larger current was observed for the smaller granules, indicating a faster reduction rate. Figure 6 (e) shows the current of a blank electrolysis test for 10 minutes using the same working electrode without a charge of SiO 2 granules. The detected background current is probably due to the side electrochemical reactions of the residual moisture in the molten salt. In this study, the background current was assumed to be independent of the electrolysis time and charge of SiO 2 granules. The effective current corresponding to SiO 2 reduction was considered to be the difference between the measured current and the background current, as indicated in Figure 6 .
III. RESULTS
A. Contact of SiO 2 Granules with the Bottom Si Plate
B. Growth of the Reduced Si Layer
C. Behavior of the Current
IV. DISCUSSION
A. Effect of Granule Size on Contact Resistance Figure 3 shows that contact between the SiO 2 granules and the bottom Si plate can be improved by decreasing the granule size. Such a difference is schematically illustrated in Figure 7 . Assuming the granules are perfectly spherical in shape, the number of contact points equals the number of granules in direct contact with the Si plate (N I ), which can be calculated by
where A plate is the geometrical area of the Si plate and r 0 is the granule radius. Apparently, small granules guarantee a larger number of contact points and thus a greater total contact area as compared with the large granules. As reduction proceeds along the granule surface and from the granule surface to the core, the reduction front gradually moves away from the initial point and spreads along the unreduced part of the SiO 2 granule. [71] The effective potential at the reduction front is determined by the contact resistance between the bottom Si plate and the reduced part of the SiO 2 granules. [73] Because the reduction kinetics is favored at more negative potentials, [61] the usage of small granules guarantees a lower potential drop, thus improving the reduction kinetics. Figure 8 illustrates the reduction of the SiO 2 granules piled on the Si plate based on our previous study. [71] A reaction model is proposed to explain the reduction at three stages of electrolysis with the following assumptions: the SiO 2 granules are perfectly spherical in shape; the effective area for each contact point between SiO 2 granule and Si plate is the same and independent of granule size; the granules never expand or shrink during electrolysis; the Si shell formed at the beginning of electrolysis is of an infinitesimal thickness that remains constant over short time periods; the diffusion coefficients of O 2À ions in CaCl 2 at the granule surface and inside the granule are independent of granule size; partly reduced granules after electrolysis for large time t have an identical geometry; and the concentration of O 2À ions changes linearly in CaCl 2 in the crevices of the Si shells from inside to outside.
B. Reaction Model for the Reduction during Electrolysis
At the start of the electrolysis (infinitesimal time t), reduction occurs at the contact points between SiO 2 granules and the Si plate, as shown in Figure 8 (a). Since diffusion of O 2À ions in CaCl 2 is the rate-determining step for the reduction, from Fick's first law of diffusion, the reduction rate at this moment ( _ n t!0 Si ) can be described by are considered to be independent of granule size, Eq. [3] indicates that the reduction rate at the start of electrolysis decreases with increasing granule radius. With increasing t, reduction proceeds upward along the granule surface and from surface to core with the formation of a Si shell, as shown in Figure 8(b-1) . The overall reduction rate ( _ n overall Si ) can be expressed as
Si % _ n surf:
Si ; ½4
where _ n surf: Si and _ n ins:
Si are the reduction rate along the surface and from the surface to the core, respectively. Since the reduction from the surface to the core is much slower than the reduction along the surface after electrolysis of small time t, only the latter is considered. As illustrated in Figure 8(b-2) , the Si shell with a thickness of d and the center of the granule form a spherical sector ACD, the cone angle of which is 
½5
The reduction rate at small t _ n smallt Si À Á can be described as 
½7
the reduction rate can also be calculated by
where n Si is the number of moles of the reduced Si, q SiO 2 and M SiO 2 are the density and molar weight of SiO 2 , respectively. Combining Eqs. [6] and [8] gives
:
½9
The solution of Eq. [9] with the boundary condition h = 0 when t = 0 gives
: ½10 The substitution of Eq. [10] into Eq. [6] gives ! :
½11
Equation [11] clearly indicates that reduction rate after electrolysis of small time t decreases with increasing granule radius. It is also understood from Eq. [11] that the reduction rate at the beginning of electrolysis would increase with increasing time t. Even though this tendency is not clearly observed in the current experiments because the amount of SiO 2 granules is too small (0.13 g), it was presented in previous experiments on a larger scale (more than 10 g of SiO 2 granules). [69] After electrolysis of large time t, a core (SiO 2 )-shell (Si) structure forms for all granules, as shown in Figure 8(c-1) . At this moment, the whole granule surface is reduced, and thus only the reduction from the surface to the core continues. The reactions interface is the surface of the unreacted SiO 2 core. The reduction rate ( _ n larget Si ) can be calculated as
; ½12
is the formation rate of O 2À ions after electrolysis of large time t, r i is the radius of the unreduced SiO 2 core as shown in Figure 8 
Since the volume of the reduced part of a single SiO 2 granule (DV 
½14
the reduction rate can also be described by
Combining Eqs. [13] and [15] yields
Assuming D ins. , C 0 , and C i are independent of time, the solution of Eq. [16] with the boundary condition r i = r 0 when t = 0 gives
Since the granule number can be described as 
½19
Equation [19] is a monotonically decreasing function of r 0 , which indicates that the reduction rate at an electrolysis time of large t decreases with increasing granule radius. Moreover, the reduction rate also decreases with increasing electrolysis time. These tendencies are in accordance with the experimental results shown in Figure 6 .
C. Apparent Current Density
Based on the current transient curves during electrolysis (Figure 6 ), the apparent current density was evaluated. In the case of the blank test without charging with SiO 2 granules, only the current (I blank ) contributed by the side electrochemical reactions (I side ) is obtained
For the electrolysis after charging with SiO 2 granules, the overall current (I all ) is the result of both the SiO 2 reduction (I SiO 2 ) and the side reactions.
Assuming the current corresponding to side reactions is independent of the electrolysis time and charge of SiO 2 granules, the apparent current density corresponding to SiO 2 reduction (i SiO 2 ) can be calculated by
Using the data in Figure 6 and taking I side " 0.05 A, the apparent current densities during electrolysis for 20 minutes using SiO 2 granules with various size ranges were calculated and the results are shown in Figure 9 . It is clear that the current density gradually decreases with increasing electrolysis time and that smaller SiO 2 granules results in a larger current density. In the case of using SiO 2 granules less than 0.1 mm in size, electrolysis within 20 minutes maintained a current density of no less than 0.4 A cm À2 . This result basically agrees with those of a previous study, in which the current density was obtained by calculating from the weight change of the sample before and after electrolysis. [70] These results indicate that the productivity would be improved using fine SiO 2 granules as the raw materials for a new SOG-Si production process in the future.
V. CONCLUSIONS
The effect of granule size on the kinetics of electrochemical reduction of SiO 2 granules in molten CaCl 2 at 1123 K (850°C) was clarified. Fine SiO 2 granules are favorable for a high reduction rate by lowering the contact potential drop between the bottom Si plate and the reduced Si. The use of fine granules also improves the diffusion of O 2À ions in CaCl 2 inside the porous Si shell formed on the SiO 2 core. The electrolysis using SiO 2 granules less than 0.1 mm in size maintained a current density of no less than 0.4 A cm À2 within 20 minutes, indicating that electrochemical reduction of fine SiO 2 granules in molten CaCl 2 has the potential to become a high-yield solar-grade silicon production process.
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